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(54) Anisotropic and selective nitride etch process 



(57) A process for etching silicon nitride from a mul- 
tilayer structure which uses an etchant gas including a 
fluorocarbon gas, a hydrogen source, and a weak oxi- 
dant. A power source, such as an RF power source, is 
applied to the structure to control the directionality of the 
high density plasma formed by exciting the etchant gas. 



The power source that controls the directionality of the 
plasma is decoupledlrom the power source used to ex- 
cite the etchant gas. The fluorocarbon gas is selected 
from CF 4 , C 2 F 6 , and C 3 F 8 : the hydrogen source is se- 
lected from CH 2 F 2t CH 3 F, and H 2 : and the weak oxidant 
is selected from CO, CO2, and Q 2 . 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates in general to a 
method of manufacturing integrated circuits and other 
electronic devices. In particular, the present invention 
describes a process for the etching of silicon nitride on 
a semiconductor wafer or other multilayer structure. 

BACKGROUND OF THE INVENTION 

[0002] In semiconductor fabrication, it is often desir- 
able to anisotropically etch thick dielectric films with high 
aspect ratio features (e.g., 4:1 or greater) without ex- 
cessive erosion of an accompanying photoresist. The 
application of a low pressure, high ion flux process (e. 
g., a high density plasma source) is advantageous to 
avoid aspect ratio dependent etching (ARDE) and 
across chip line variation (ACLV) effects. High density 
plasmas, such as from an inductively coupled source, 
operate at lower pressures due to electron acceleration 
normal to chamber boundaries and provide for in- 
creased ion density and flux. 

[0003] By exciting the plasma with a solenoidal coil 
structure, the electron mean free path can be made larg- 
er than the chamber dimensions and hence the operat- 
ing pressure can be lower and the fractional ionization 
higher than in traditional capacitive (or parallel plate) 
etch chambers. Both of these properties yield reduced 
ARDE and ACLV. 

[0004] These advantages have been demonstrated 
for high density plasma etching of silicon oxide for fea- 
ture sizes as small as 0.175 u.m. Many levels used in 
modern semiconductor devices, however, consist of 
both silicon oxide and silicon nitride layers, or a silicon 
nitride layer alone. In hardmask applications, a thick ni- 
tride layer exists, either alone or with a thick oxide layer, 
and cannot be etched in a high density plasma using 
present state-of-the-art technology due to poor photore- 
sist selectivity and subsequent loss of image integrity. 
The high dissociation level in high density plasma reac- 
tors often leads to isotropic etching by fluorine atoms in 
fluorocarbon gases. 

[0005] To avoid these drawbacks, capacitive ly cou- 
pled tools are used to etch thick nitride or nitride/oxide 
layers such as hardmask. These tools suffer from se- 
vere reactive ion etching (RIE) lag as the feature size is 
decreased, and raw process time (RPT) increases sub- 
stantially. In addition, selectivity to photoresist is com- 
promised when a reduced polymer concentration is 
used in .these tools, while increasing the polymer con- 
centration results in premature etch stop as the feature 
sizes are further decreased. 

[0006] Nonetheless, there are several advantages in 
using high density plasma. For example, the ion energy 
is highly tunable in high density plasma because the wa- 
fer bias is independently controlled, thereby providing 



improved control of resist loss. For this reason, a selec- 
tive nitride etch of high aspect ratio features in high den- 
sity plasma is desirable. To date, selective high density 
plasma etching for high aspect ratio silicon nitride levels 

5 has remained elusive. 

[0007] Current state-of-the-art for high density plas- 
ma nitride etching in high aspect ratio holes includes 
mixtures of either CH 3 F/CO (SRDC) or C 2 Fe/0 2 (BTV). 
Neither of these systems provides enough selectivity to 

10 photoresist for etching of nitride layers greater than 500 
A thick. At aspect ratios greater than 2:1 (0.35 urn groun- 
drules), the CH 3 F/CO chemistry suffers from etch stop. 
C 2 Fe/0 2 chemistry has less than 1:1 selectivity even for 
shallow features. 

is [0008] Fig. 1 illustrates the use of an oxygen free po- 
lymerizing process (C 2 F S /CH 3 F), which exhibits nitride 
etch rates of 3500 A min -1 on blanket nitride layer 10 
through an oxide or photoresist 20. Blanket nitride layer 
1 0 is formed over a silicon substrate 1 5. The etch profile 

20 js isotropic, however, and an undesirable undercut 30 
exists at the nitride/oxide or nitride/photoresist interface 
35. 

[0009] Although the art of etching silicon nitride is well 
developed, some problems inherent in this technology 
25 still exist. One particular problem is etching for high as- 
pect ratio silicon nitride levels. Therefore, a need exists 
for a process for etching silicon nitride with a high aspect 
ratio while maintaining photoresist selectivity and avoid- 
ing~subsequent loss of image integrity. 

30 

SUMMARY OF THE INVENTION 

[0010] In the present invention, a method for aniso- 
tropically etching a silicon nitride layer from a multilayer 

35 structure comprises the steps of: exciting an etchant gas 
comprising a fluorocarbon gas, a hydrogen source/and 
a weak oxidant to form a high density plasma including 
the excited etchant gas: applying a power source to the 
structure to control the directionality of the high density 

■to plasma on the structure: and introducing the high den- 
sity plasma to the silicon nitride layer to etch the silicon 
nitride layer. 

[0011] Preferably, the fluorocarbon gas is selected 
from the group consisting of CF 4 , C 2 F 6 . and C 3 F 8 : the 
hydrogen source is selected from the group consisting 
of CH 2 F 2 . CH 3 F, and H 2 : and the weak oxidant is select- 
ed fcom the group consisting of CO, CO z . and O s . 
[001 2] Another embodiment of the etchant gas within 
the scope of this invention includes adding the fluoro- 
so carbon gas in an amount of about 4-20% by volume: 
adding the hydrogen source in an amount about 10-30% 
by volume: and adding the weak oxidant in an amount 
of about 40-70% by volume. 

[0013] According to another embodiment of the 
55 present invention, the power source used to control the 
directionality of the plasma, such as an RF power 
source, is decoupled from the power source used to ex- 
cite the etchant gas. such as a coil. Preferably, an RF 
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power source is applied to the sida of the structure op- 
posite the side having the silicon nitride layer being 
etched. 

[001 4] According to another embodiment of the inven- 
tion, the etchant gas is introduced into a chamber, the s 
pressure of which is preferably maintained at 1 to 20 
millitorrs. The etchant gas is then excited by exposing 
the gas to a first power source to form a high density 
plasma. This embodiment includes controlling the bias 
of the plasma on the structure by applying a second io 
power source, decoupled from the first power source, to 
the structure. The plasma is introduced to the silicon ni- 
tride layer to etch a feature in the silicon nitride layer 
having an aspect ratio of at least 2:1, and preferably at 
least 6:1. is 
[001 5] The foregoing and other aspects of the present 
invention will become apparent from the following de- 
tailed description of the invention when considered in 
conjunction with the accompanying drawing. 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] 

Fig. 1 shows a profile of a nitride etched using a 25 
conventional process: 

Fig. 2A shows a profile of a nitride etched using a 
biased substrate according to the present invention: 

30 

Fig. 2B shows a profile of a nitride etched using a 
convention process with an unbiased substrate: 

Fig. 3 shows a profile of a nitride etched using an 
exemplary process in accordance with the present 35 
invention: and 

Fig. 4 shows a profile of a nitride etched using a 
further exemplary process in accordance with the 
present invention. 40 

DETAILED DESCRIPTION OF THE INVENTION 

[001 7] The present embodiment of the invention pro- 
vides a nitride etch that has increased selectivity to pho- 
toresist and provides tunable anisotropy. A dry etch 
process is described which enables a more efficient ni- 
tride etch. The preferential etchant gas is a mixture of 
C 2 F 6 , CH 3 F. and CO. The embodiment allows for ani- 
sotropic and rapid etching in high aspect ratio features so 
for semiconductor devices such as dynamic random ac- 
cess memories (DRAMs). The gas mixture of the 
present invention has a high selectivity to photoresist. 
Fine control of the taper angle of the nitride etch is 
achieved. Additional control is provided through inde- 
pendent control of the source/bias power. 
[001 8] The present embodiment uses a fluorocarbon 
polymer precursor species that results in the formation 



of a passivation layer, so that the etch is anisotropic. 
The present invention also uses an oxygen-containing; 
species to aid in removal of the passivation layer by ion 
enhanced etching in the vertical direction. The addition 
of oxygen reduces photoresist selectivity, because the 
photoresist does not suffer from microloading as does 
the nitride in the feature. By increasing the polymer con- 
tent to preserve resist, etch stop occurs more readily in 
the high aspect ratio feature. . 

[001 9] The power source used to control the direction- 
ality of the plasma is decoupled from the power source 
used to excite the etchant gas to form the high density 
plasma. Thus, a decoupled power source incorporates 
independent control of bias on the wafer from the plas- 
ma generation mechanism. The term "decoupled" is 
used because the ion bombardment energy is primarily 
controlled by the bias to the wafer, whereas the ion flux 
(and density) is primarily controlled by the power applied 
to the generating structure (e.g., coils in an inductive 
plasma source). This structure is shown in Fig. 2A. in 
which the etchant gas is introduced to a chamber 40 
(shown in dashed lines), and the etchant gas is excited . 
by a first power source 45 to form a high density plasma 
having ions 55, A second power source, such as RF 
power source 50, is decoupled from first power source 
45. Preferably, the pressure of chamber 40 is main- 
tained at about 1 to 20 millitorrs by utilizing a vacuum 
pump 48 which is coupled to-chamber 40. 
[0020] A biased substrate, such as that used by the 
decoupled plasma source, oscillates the potential of the 
wafer platen, typically by several thousand volts. Al- 
though a certain fraction of this potential is shielded by 
the plasma electrons (sheath capacitance) and wafer / 
chuck capacitance, the acceleration of the ions striking 
the wafer is much larger, typically an acceleration cor- 
responding to 50 to 500 V. This additional energy accel- 
erates etching in a direction normal to the wafer surface, 
and is responsible for the anisotropic etching in the 
present invention. In a biased substrate, as shown in 
Fig. 2A, RF power source 50 is applied to the back of a 
substrate 60, namely the side of substrate 60 opposite 
the layer being etched (such as a silicon nitride layer). 
In Fig. 2A, substrate 60 could represent a silicon nitride 
layer formed over a silicon substrate. RF power source 
50 accelerates ions 55 towards the substrate 60, there- 
by increasing the etch rate in that direction. The pattern 
on photoresist 65 is transferred directly to the underlying 
layers, thus maximizing packing density. In an unbiased 
substrate 70, as shown in Fig. 2B, ions 75 are not ac- 
celerated towards the substrate 70, so etching proceeds 
in every direction, undercutting the photoresist 80. and 
limiting the packing density of the devices. Substrate 70 
could represent a silicon nitride layer formed over a sil- 
icon substrate. 

[0021] A high density plasma refers to the charged 
particle density in the plasma. In a conventional or typ- 
ical density plasma, the ion density is typically, less than 
about 10 11 cm' 3 , whereas in a high density source the 
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fractional ionization is above 10 11 cnv 3 . High density 
plasma sources accelerate the plasma electrons in a di- 
rection normal to reactor boundaries, so that the elec- 
tron mean free path is long compared to the plasma di- 
mensions. This allows for a lower operating pressure, 
but also requires a higher degree of ionization to sustain 
the plasma with the higher ion wall flux. 
[0022] The process of the present embodiment pro- 
vides selective anisotropic nitride etching in a high den- 
sity plasma, with rates of 1 00 A s* 1 or better (determined 
by required selectivity) in aspect ratios higher than 6:1 . 
Similar etching of nitride in a conventional capacrtively 
coupled tool exhibit reactive ion etching (RIE) lag, as 
described above, and nitride etch rates on the order of 
about 12.5 A s -1 are obtained. 
[0023] In an exemplary embodiment of the present in- 
vention, a weak oxidant, preferably CO or C0 2 , is added 
to the polymerizing system described above with re- 
spect to Fig. 1, C 2 F5/CH 3 F. As used herein, a "weak ox- 
idant" refers to a compound that will readily react with a 
fluorocarbon to form a product (such as a COF x com- 
pound) which is more volatile than the original fluorocar- 
bon. More preferably, a weak oxidant is a compound 
which forms a COF x product more volatile than the orig- 
inal fluorocarbon at operating conditions, such as at 
temperatures of less than 200°C at 1 -20 millitorrs. The 
oxidant addition assists in removal of the passivation 
layer and switches the gas phase plasma chemistry C/ 
F ratio to lower values, thereby further enhancing etch 
rate and decreasing passivation polymer. The results 
are shown in Fig. 3. 

[0024] Fig. 3 shows an etch profile that is close to ide- 
al, with the etch rate being approximately 1 00 A s* 1 . The 
nitride layer 110 has been etched with nearly vertical 
sidewalls. and the oxide or photoresist overlayer 120 is 
not undercut. The nitride layer 110 is formed over a sil- 
icon substrate 105. Although the feature as shown is 
etched to the nitride layer/substrate interface, the fea- 
ture may be etched to slightly above or below the inter- 
face, depending on the particular needs. The CH 3 F acts 
as a hydrogen source, and enhances chemical etching 
of nitride (suggested by increasing isotropy) and im- 
proves photoresist selectivity (by both polymerization 
and fluorine scavenging). The C 2 F 6 decreases undercut 
and controls taper of the nitride because of its role as a 
downhole supplier of CF X polymer precursors. The pre- 
ferred chamber used to obtain the profile in Fig. 3 is an 
Applied Materials Omega Chamber (ASTC Hex 248) 
and the preferred gas mixture is C 2 F 6 , CH 3 F, CO. It is 
within the scope of the invention that any similar cham- 
ber containing the gas mixture C 2 F 6 , CH 3 F. CO will pro- 
duce the desired results. The pressure of the chamber 
is preferably in the range between about 1 and 20 mil- 
litorrs. 

[0025] Reducing both CH 3 F and CO from the above 
conditions yield similar profiles (not shown) because the 
loss of the passivation agent (CH 3 F) is balanced by re- 
duction of the oxidizer (CO). For example a mixture of 



10 standard cubic centimeters (seem) C 2 F 6 , 20 seem 
CH 3 F. and 60 seem CO produces the desired results. - 
[0026] Increasing the polymerizing agent (C 2 F 6 ) from 
10 to 20 seem with the other constituents constant, for 

s example, increases the degree of taper 1 35 in the nitride 
layer 130, as shown in Fig. 4. The nitride layer 130 is 
positioned underneath an oxide or photoresist layer 
140. The nitride layer 130 may be formed over a silicon 
substrate 1 45. The ability to carefully control taper angle 

io in high aspect ratio nitride features enables easier fill of 
the holes during later processing. 
[0027] Consistent with this mechanism, too little po- 
lymerizing agent (C 2 F 6 ) leads to a more isotropic etch, 
although there also appears to be an additional ion en- 

is hanced component to the polymerizing agent based on 
the reduced etch rate (SO A s _1 ). The process of the 
present invention is applicable at 0.2 (am groundrules 
with aspect ratios greater than 6: 1 , and can be extended 
further. 

20 [0028] Exemplary embodiments within the scope of 
the present invention include gas mixtures of 4%-20% 
C 2 F 6 , l0%-30% CH 3 F, and 40%-70% CO. Further em- 
bodiments in accordance with the present invention in- 
clude the application of fluorocarbon gas to produce 

25 downhole polymer (e.g., CF 4 , C 2 F 6 , C 3 F 8 ), a hydrogen 
source for enhancement of nitride etch rate with resist 
selectivity (e.g., CH 2 F 2 , CH 3 F, dilute H 2 mixtures), and 
a weak oxidant for polymer clearing on the vertical sur- 
faces (e.g., CO, C0 2 , dilute 0 2 ). 

30 [0029] The process described herein was demon- 
strated on an Applied Materials High Density Plasma dry 
etch chamber, although other high density sources (e. 
g. t Lam 9100) can be used. 

[0030] Although illustrated and described herein with 
35 reference to certain specific embodiments, the present 
invention is nevertheless not intended to be limited to 
the details shown. Rather, various modifications may be 
made in the details within the scope and range of equiv- 
alents of the claims and without departing from the in- 
io vention. 

[0031] In summary there is described a process for 
etching silicon nitride from a multilayer structure which 
uses an etchant gas including a fluorocarbon gas, a hy- 
drogen source, and a weak oxidant. A power source, 

■is such as an RF power source, is applied to the structure 
to control the directionality of the high density plasma 
formed by exciting the etchant gas. The power source 
that controls the directionality of the plasma is decou- 
pled from the power source used to excite the etchant 

so gas. The fluorocarbon gas is selected from CF 4 . C 2 F 6 , 
and C 3 F e ; the hydrogen source is selected from CH 2 F 2 , 
CH 3 F. and H 2 : and the weak oxidant is selected from 
CO. C0 2 , and 0 2 . 

55 

Claims 

1 . A method for anisotropically etching a silicon nitride 
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layer from a multilayer structure, said method com- 
prising the steps of: 

exciting an etchant gas comprising a ffuorocar- 
bon gas, a hydrogen source, and a weak oxi- 5 
dant to form a high density plasma: 

applying a power source to said multilayer 
structure to control the directionality of said 
high density plasma on said multilayer struc- io 
ture: and 

introducing said high density plasma to said sil- 
icon nitride layer to etch said silicon nitride lay- 
er is 

The method of claim 1 , wherein said fluorocarbon 
qas is selected from the group consisting CF 4 , 
C 2 F 6 , and C 3 F Q . 

20 

The method of claim 1 or 2, wherein said hydrogen 
source is seiecied from the group consisting of 
CH 2 F 2 . CH 3 F, and H 2 . 

The method of claim 1 . 2 or 3. wherein said weak 25 
oxidant is selected from the group consisting of CO, 
C0 2 . and 0 2 . 

The method of any of the preceding claims, where- 
in: 30 

said fluorocarbon gas is added in an amount of 
about 4-20% by volume: 

said hydrogen source is added in an amount of 35 
about 1 0-30% by volume: and 

said weak oxidant is added in an amount of 
about 40-70%' by volume. 

40 

The method of any of the preceding claims, where- 
in: said fluorocarbon gas is C 2 F 6 : 

said hydrogen source is CH 3 F: and 

AS 

said weak oxidant is CO. 

The method of any of the preceding claims, wherein 
the step of exciting said etchant gas comprises: 

so 

(i) using a coil whereby, said power source is 
decoupled from said coil: and or 

(ii) forming said high density plasma having a 
density of at least 10 11 cm* 3 . 55 

The method of any of the preceding claims, further 
comprising the steps of: 



introducing said etchant gas into a chamber: 
and 

maintaining the pressure of said chamber at 1 
to 20 millitorrs by utilizing a vacuum pump and 
coupling said vacuum pump to said chamber. 

9. The method of any of the preceding claims, wherein 
the step of applying a power source comprises ap- 
plying an RF power source to the side of said mul- 
tilayer structure opposite said silicon nitride layer. 

10. A method for anisotropically etching a silicon nitride 
layer from a multilayer structure, said method com- 
prising the steps of: 

exciting an etchant gas comprising a fluorocar- 
bon gas t a hydrogen source, and a weak oxi- 
dant by exposing said etchant gas to a first pow- 
er source to form a high density plasma: 

applying a second power source, decoupled 
from said first power source, to said multilayer 
structure to control the directionality of said 
high density plasma on said multilayer struc- 
ture: and 

introducing said high density plasma to said sil- 
icon nitride layer to etch said silicon nitride lay- 
er. 

11. A method for anisotropically etching a silicon nitride 
layer from a multilayer structure including said sili- 
con nitride layer, a substrate, a silicon oxide layer, 
and a resist layer, said method comprising the steps 
of: 

introducing an etchant gas into a chamber, 
wherein said etchant gas comprises: 

(a) a fluorocarbon gas selected from the 
group consisting of CF 4 , C 2 F 6 , and C3F 8 : 

(b) a hydrogen source selected from the 
group consisting of CH 2 F 2 , CH 3 F, and H 2 : 
and 

(c) a weak oxidant selected from the group 
consisting of CO. C0 2 , and 0 2 : 

exciting said etchant gas by exposing said etch- 
ant gas to a first power source to form a high 
density plasma; 

controlling the bias of said high density plasma 
on said multilayer structure by applying a sec- 
ond power source, decoupled from said first 
power source, to said multilayer structure: and 
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introducing said high density plasma to said sil- 
icon nitride layer to etch a feature in said silicon 
nitride layer having an aspect ratio of at least 
2:1. 
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